systemic inflammatory responses, as manifested by elevated levels of TNF, IL-6, IL-17, and C-reactive protein. These effects were unequivocally dependent on gingipain activity. Gingipain activity was also implicated in the observed increase in IL-17 in lung tissues. Furthermore, gingipains increased platelet counts in the blood and activated platelets in the lungs. Arginine-specific gingipains made a greater contribution to P. gingivalis-related morbidity and mortality than lysine-specific gingipains. Thus, inhibition of gingipain may be a useful adjunct treatment for P. gingivalis-mediated aspiration pneumonia.
Introduction
Extensive clinical and epidemiological data clearly show that periodontitis, a bacterial biofilm-driven chronic inflammatory disease of tooth-supporting tissues, strongly correlates with an increased risk of atherosclerosis, diabetes, adverse events during pregnancy, rheumatoid arthritis, and aspiration pneumonia [1] [2] [3] [4] .
Aspiration pneumonia is a life-threatening condition caused by aspiration of oral bacteria during medical procedures, or by aspiration of liquids such as saliva or solid materials such as food. Endogenous anaerobic bacteria residing within the oral cavity are suspected to be the cause of such infections. Indeed, these bacteria are identified in the majority pulmonary infections and can cause lung abscess, necrotizing pneumonia, and empyema [5] [6] [7] . Periodontitis affects up to 30% of the adult population [8, 9] ; therefore, it is not surprising that anaerobic periodontal pathogens, such as Porphyromonas gingivalis, Tannerella forsythia, Treponema denticola, and Prevotella intermedia, are often cultured from lung aspirates in around 40% of aspiration pneumonia cases [10] [11] [12] [13] [14] [15] .
The best-studied periodontal pathogen implicated in multiple cases of aspiration pneumonia is P. gingivalis. This Gram-negative, oral anaerobic bacterium expresses several well-established virulence factors, including lipopolysaccharides, phosphatases, fimbriae, hemagglutinins, and cysteine proteinases called gingipains [16] [17] [18] [19] [20] [21] . The latter are the most important P. gingivalis virulence factors with respect to pathogenicity and survival in vivo [22] [23] [24] . They are versatile enzymes that are essential for a variety of processes and are encoded by 3 different genes: rgpA, rgpB, and kgp [25] . The 2 arginine-specific gingipains RgpA and RgpB possess practically identical caspase-like catalytic domains and specifically cleave Arg-Xaa peptide bonds. RgpA, however, possesses a large C-terminal extension bearing a hemagglutinin-adhesin domain, which is absent from RgpB. Similar to RgpA, lysine-specific gingipain K, encoded by kgp, harbors a Cterminal hemagglutinin, and its proteolytic activity is limited to Lys-Xaa peptide bonds. Depending on the strain, gingipains are either anchored to the outer membrane of the bacterium via anionic lipopolysaccharide moieties or secreted [26, 27] .
The role of gingipains in the development of periodontitis is well characterized and includes degradation of antibacterial peptides (e.g. defensins) [28] , inactivation of protease inhibitors [28, 29] , exploitation of the complement system (e.g. degradation of different components of the complement cascade) [30, 31] , and protection of bacteria from host immune effector cells (e.g. degradation of receptors or mediators required for effector cell activity) [32] [33] [34] [35] [36] [37] . However, although numerous clinical case reports and animal models have shown that P. gingivalis plays an important role in the development of aspiration pneumonia [38] [39] [40] , the relevant virulence factors remain unclear.
In line with previous reports, the present study shows that P. gingivalis causes severe experimental pneumonia in mice. On a mechanistic level, we argue that the disease course is critically dependent on gingipain activity. By modulating the immune response of the host, P. gingivalis was capable of producing gingipains, which exacerbated disease manifestation in our experimental model, resulting in severe hemorrhage and extensive tissue damage to the lungs. Surprisingly, however, gingipains were not a prerequisite for colonization and survival of this pathogen in the lungs.
By identifying the specific mechanisms that underlie the development of P. gingivalis-induced aspiration pneumonia, this is the first study to show that gingipains act as important virulence factors during acute, life-threatening cases of pneumonia and not only during chronic diseases such as periodontitis. These findings may have important implications for the development of novel treatment strategies.
Materials and Methods

Bacterial Strains and Culture Conditions
An invasive wild-type (WT) strain of P. gingivalis (W83; American Type Culture Collection, Rockville, Md., USA) and its isogenic single, double, and triple protease-null mutants [ Δkgp (ΔKgp), rgpA/rgpB (ΔRgp), and Δ kgpΔrgpAΔrgpB (KRAB)] were used in this study. The general procedure for construction of the Δ rgp and Δ kgp mutants has been described elsewhere [79] . Homologous recombination of the Δkgp plasmid into the P. gingivalis Δrgp mutant genome resulted in a kgp -rgp-deficient mutant (Δrgp + kgp). The respective phenotypes were confirmed by enzymatic assays and Western blot analysis. All bacteria were grown on blood agar plates (anaerobic blood agar) or in liquid Schaedler broth (BTL, Lodz, Poland) supplemented with hemin (5 μg/ml; Sigma Chemical Co., Steinheim, Germany), L-cysteine (50 μg/ml; Sigma Chemical Co.), menadione (0.5 μg/ml; Sigma Chemical Co.), and 5% sheep blood. The ΔKgp strain was cultured in medium supplemented with tetracycline (1 μg/ml; Sigma Chemical Co.) and the ΔRgp strain was cultured in medium supplemented with erythromycin (5 μg/ml; Sigma Chemical Co.). Bacteria were grown under anaerobic conditions (90% N 2 , 5% CO 2 , and 5% H 2 ). To prepare the inoculates, bacteria were grown in an overnight liquid culture and centrifuged. The bacterial pellet was washed 3 times in phosphate-buffered saline (PBS) and then suspended in sterile PBS at a final optical density (λ = 600 nm) of 1 [corresponding to an approximate concentration of 10 9 colony-forming units (CFU)/ml].
Gingipain Activity
The WT P. gingivalis strain W83 was cultured as described above. Following overnight culture, the bacteria were pelleted by centrifugation (6,000 g, 15 min) and the cells were resuspended in Schaedler medium supplemented with hemin, vitamin K, and L-cysteine (final concentration 10 9 cells/50 μl). The samples were subsequently divided into 2 equal portions. KYT-1 [carbobenzoxy-Lys-Arg-CO-Lys-N-(CH 2 ) 2 ] and KYT-36 [carbobenzoxyGlu(NHN [CH 3 ]Ph)-Lys-CO-NHCH 2 Ph] [both at 1 m M in dimethyl sulfoxide (DMSO)] were added to 1 portion (final concentration 1 μ M ) and incubated for 15 min at 37 ° C. KYT-1 and KYT-36 are specific inhibitors of gingipains R and K, respectively. P. gingivalis W83 bacteria treated thus were referred to as W83-KYT. The second portion was supplemented with DMSO at a concentration corresponding to that in the inhibitor-treated bacterial suspension, and the sample was incubated under conditions identical to those described for W83-KYT. To measure the proteolytic activity of gingipains at specific time points (0, 1, 2, 4, 6, 24, and 48 h), 2-μl aliquots of the different strains were added to 98 μl of TNCT buffer (100 m M Tris pH 7.5, 150 m M NaCl, 5 m M CaCl 2 , and 0.05% Tween 100), supplemented with 10 m M L-cysteine, in a microtiter plate. After a 5-min preincubation, a substrate for gingipain R (BApNA; Sigma-Aldrich, Germany) or gingipain K (Np-Tos-Gly-Pro-Lys-p NA) was added to the plate. The resulting mixture contained 200 μ M substrate, 5% DMSO, and 10 m M Lcysteine. The gingipain-mediated release of p-nitroaniline from the substrates was monitored as an increase in absorbance (405 nm) over time using a microplate reader (SpectraMax Gemini; Molecular Devices).
Animals and Inoculation Procedures
Specific pathogen-free female BALB/c mice aged 8 or 40 weeks were used for the experiments. The mice were purchased from the Mossakowski Medical Research Centre, Polish Academy of Science, Warsaw, Poland. The mice were housed under standard conditions within the animal care facility at Jagiellonian University, Krakow, fed a standard laboratory diet (Labofeed, Morawski, Poland), and allowed water ad libitum. Control and infected mice were housed in separate cages. The outline of the experimental setup is presented in online supplementary figure S1 (for all online suppl. material, see www.karger.com/doi/10.1159/000441724).
The animals were stratified by age and further divided into 4 groups as detailed in online supplementary figure S1. All mice were anesthetized via intraperitoneal injection of ketamine (22 mg/kg, VetaKetam; Vet-Agro, Poland) and xylazine (2 mg/kg, Sedasin; Biowet, Poland) and the eyes were lubricated with ointment (Puralube Vet; Pharmaderm, Melville, N.Y., USA). Following general anesthesia, the mice were laid vertically on their back and bacteria or PBS was delivered intratracheally via a blunt-tipped 22-gauge silicone needle attached to a microliter syringe. Subsequently, the animals were laid at a 45° angle until they fully recovered from anesthesia. The mice were inoculated with 3 × 10 9 CFU of WT P. gingivalis W83, ΔRgp, ΔKgp, KRAB, or W83-KYT resuspended in a total volume of 50 μl of sterile 1 × PBS (pH 7.4; PAA, Pasching, Austria). Control mice were inoculated with 50 μl of sterile 1 × PBS (sham infected) or not inoculated at all (negative control).
Clinical Evaluation
The mice were evaluated daily for clinical signs and their health status was monitored throughout the experiment. The severity of aspiration pneumonia was quantified by clinical scoring, which was based on mortality, respiratory failure, weight loss, eating disorders, activity loss, ruffled fur, ataxia, and tremor. The results are presented as numbers of animals showing a specific symptom versus the total number of animals per group (n = 15).
Calculation of the CFU Organs (lungs, liver, spleen, kidneys, and lymph nodes) were removed, weighed, and homogenized in 1 ml of PBS (pH 7.4) using a TissueLyser (Qiagen). Homogenates were then serially diluted (10-fold). In parallel, 50 μl of peripheral blood from each animal was lysed with deionized water. All samples (100 μl each) were plated on blood agar plates as described above and cultured for 7 days in an anaerobic chamber at 37 ° C. Subsequently, the number of visible colonies was counted and the number of CFU was calculated by multiplying this number by the dilution factor.
Morphological and Histological Analyses
At 24, 48, and 72 h postinoculation with P. gingivalis W83, ΔRgp, ΔKgp, KRAB, or W83-KYT, the animals were bled under deep anesthesia and the lungs were removed surgically. Visible pathological changes, such as edema, necrosis, or hemorrhage, were noted. Subsequently, the lungs were washed in cold PBS (pH 7.5), fixed in 4% formaldehyde (PoCh, Gliwice, Poland) in PBS for 24 h at 4 ° C, dehydrated in a graded alcohol series, and embedded in paraffin wax. Subsequently, the samples were serially sectioned (6 μm thick) and mounted on silanized glass slides. Prior to staining, the sections were deparaffinized in xylene and rehydrated in a graded alcohol series. The samples were then stained with hematoxylin and eosin (Sigma-Aldrich) according to a standard protocol. The slides were examined under a Nikon Eclipse Ti-S (Tokyo, Japan) microscope and random images were selected for subsequent evaluation.
Immunohistochemistry
The lungs were washed in cold PBS (pH 7.5), fixed in 4% formaldehyde (PoCh) in PBS for 24 h at 4 ° C, dehydrated in a graded alcohol series, and embedded in paraffin wax. Subsequently, the samples were serially sectioned (6 μm thick) and mounted on silanized glass slides. Prior to staining, the sections were deparaffinized in xylene and rehydrated in a graded alcohol series. Serial sections were stained with monoclonal antibodies against mouse Ly6G (RB6-8C5, FITC conjugated; LifeSpan), human/mouse IL-17A (Santa Cruz Biotechnology), mouse CD31 (LifeSpan), and mouse CD40L (LifeSpan). The specificity of the staining was confirmed using appropriate FITC-conjugated isotype controls or normal rabbit IgG followed by Alexa Fluor 594 goat anti-rabbit IgG. Images were captured under a laser scanning confocal microscope (Olympus FV1000).
Cytokine Measurements
Whole blood was collected into test tubes and allowed to clot at room temperature for 30 min. The clot was removed by centrifugation at 1,000-2,000 g for 10 min in a refrigerated centrifuge. The collected serum was stored at -80 ° C until further analysis. The concentrations of IL-6, TNF-α, and MCP1 in the sera were measured using commercially available ELISA assays (BD OptEIA TM Set Mouse IL-6, BD OptEIA TM Set Mouse TNF-α, and BD OptEIA TM Set Mouse MCP-1; BD Biosciences, San Diego, Calif., USA) according to the manufacturer's recommendations.
Quantification of IL-17 in Serum and Lung Lysates
Serum was obtained as described in the previous section. To obtain lung tissue homogenates, resected lungs were weighed and homogenized (Tissue Lyser LT; Qiagen, Germany) in PBS, pH 7.4, supplemented with 5 mg/ml hexadecyltrimethylammonium bro-mide to yield 0.05% (v/v) homogenates. The samples were sonicated for 10 s, freeze-thawed 3 times to release the contents of the neutrophil primary granules, and then sonicated again. The homogenates were centrifuged at 12,000 rpm for 15 min and the supernatants were used immediately. IL-17 levels were measured using a commercial ELISA kit (eBioscience, San Diego, Calif., USA) according to the manufacturer's instructions.
Determination of Myeloperoxidase Activity
Neutrophil influx into the lung tissue was analyzed using myeloperoxidase (MPO) as a marker. Briefly, 10 μl of supernatant from the lung homogenate was mixed with dianisidine reagent (16.7 mg of dianisidine, 90 ml of distilled water, 10 ml of potassium phosphate buffer, and 50 μl of 0.29 M hydrogen peroxide) and incubated for 5 min at room temperature. The reaction was then terminated by adding 50 μl of 2 M H 2 SO 4 . The change in absorbance with time was measured at 450 nm and MPO activity was expressed as a percentage of the control value (PBS-treated animals).
Blood Analysis
Briefly, 100 μl of blood was collected into K 2 -EDTA-coated tubes (Microvette; Sarstedt, Germany) after cardiac puncture. Blood samples were evaluated using an automatic hematology analyzer (Micros 60 Animal Blood Counter; Horiba ABX, UK) with reagents supplied by Horiba ABX. The C-reactive protein (CRP) levels in the serum were measured using a commercially available ELISA (Mouse CRP ELISA Kit; Innovative Research, USA) according to the manufacturer's recommendations.
Statistical Analysis
Significant differences between groups were examined using 2-way repeated-measures ANOVA (multiparameter data) and a 1-way ANOVA with Bonferroni's correction or Dunnett's posttest (multiple comparisons). Kaplan-Meier graphs were analyzed using the log-rank test with Bonferroni's correction (posttest) to correct for multiple comparisons. All statistical analyses (except those shown in fig. 4 ) were performed using GraphPad Prism software (version 5.0d or 6.0e for Mac; GraphPad). p < 0.05 was considered statistically significant. The significance values shown in figure 4 were calculated using SPSS 20 (IBM, Armonk, N.Y., USA).
Results
Experimentally Induced P. gingivalis Pneumonia Is Lethal to Mice
Aspiration pneumonia is prevalent among patients with swallowing impairments or abnormalities [1, 41] . To closely mimic the dynamics of this disease in humans, BALB/c mice (8 and 40 weeks old) were inoculated intratracheally with WT P. gingivalis W83 (doses of 1 × 10 8 , 1 × 10 9 , or 1 × 10 10 CFU suspended in 50 μl of sterile PBS). Whereas intratracheal inoculation with 1 × 10 8 and 1 × 10 9 CFU of P. gingivalis W83 did not induce pneumonia, inoculation of 1 × 10 10 CFU was consistently lethal at 24 h postinfection, independently of age. Based on these results, a dose of 3 × 10 9 CFU was deemed adequate for all further investigations. The outline of the experimental setup is presented in online supplementary figure S1. Upon receiving 3 × 10 9 CFU of bacteria, all 40-weekold animals developed clinical symptoms of pneumonia, with a mortality rate of approximately 20% within 72 h postinfection. Younger animals, i.e. 8 weeks of age, were significantly more susceptible to the bacterial challenge, with mortality reaching 80% within 24 h postinfection ( fig. 1 a, b) . This may be explained, at least in part, by the higher bacterial load relative to the weight of the young animals (16 g) compared to that of their older counterparts (23 g). Based on multiple studies indicating an increased susceptibility of younger animals to infections agents [42-45] , we hypothesize that alterations associated with aging may also account for some of the observed differences in disease penetrance, severity, and mortality.
Although the differences in clinical and morphological findings between the two age groups were minimal, the slower disease course in older mice enabled follow-up examination of immune responses, and of other factors underlying the clinical outcome, over a period of 10 days (compared to the limited 48-hour window of opportunity provided by the younger mice).
To eliminate the above confounding factors during the process of elucidating the mechanisms underlying the pathogenicity of P. gingivalis in the context of pulmonary infection, we focused primarily on disease manifestations in 40-week-old animals. For the interested reader, all data pertaining to the 8-week-old mice are provided in the online supplementary material.
Gingipains Are Pivotal for the Development of Aspiration Pneumonia Caused by P. gingivalis
Apart from proteolytic activity, which is necessary for disruption of the host immune response, gingipains possess several protease-independent activities that are essential for their virulence [27] . To examine the role of gingipains during the development of aspiration pneumonia, animals were intratracheally infected with WT P. gingivalis W83, P. gingivalis deficient in lysine-specific gingipain activity (ΔKgp), or P. gingivalis deficient in arginine-specific (ΔRgp) gingipains. In addition, we examined a knockout strain with no gingipain activity (KRAB). To further clarify the importance of gingipain proteolytic activity during the development of aspiration pneumonia, another group of mice was infected with WT P. gingivalis W83 pretreated with specific inhibitors (KYT-1 and KYT-36) that block the proteolytic activity of gin-gipains [32] . As shown in online supplementary figure S2, treatment with WT P. gingivalis with KYT-1 and KYT-36 completely abolished cell-associated Kgp activity and reduced Rgp activity by 10-fold. Importantly, in all cases, inhibition was maintained for up to 24 h posttreatment.
A clinical scoring system was used in parallel with histological and morphological examination of lung tissue. The clinical status was assessed daily by visual examination. Respiratory failure, weight loss, eating disorders, activity loss, ruffled fur, ataxia, and tremor were noted. As presented in table 1 , animals inoculated with either the ΔRgp strain or the ΔKgp strain developed clinical signs of pneumonia. A more detailed comparison revealed that, compared to animals inoculated with ΔRgp, approximately 25% of the mice inoculated with ΔKgp showed signs of respiratory distress during the experiment. Importantly, pneumonia symptoms were generally very mild in mice infected with the KRAB strain, and no animal developed fatal pneumonia. Reinforcing the notion that aspiration pneumonia caused by P. gingivalis de- pends on gingipain activity, inoculation of animals with WT P. gingivalis bacteria pretreated with KYT inhibitors (W83-KYT) resulted in an outcome comparable to that observed for KRAB-infected mice.
The survival rates of young mice infected with the WT strain and either gingipain-deficient or inhibitor-pretreated WT W83 P. gingivalis strains were significant at all time points assessed (p < 0.001; fig. 1 a, c) . Although the symptoms observed in 40-week-old animals were milder, the overall difference in survival between young and old mice inoculated with WT, ΔRgp, ΔKgp, KRAB, or W83-KYT P. gingivalis was significant at all time points (p < 0.05 at 16, 24, 48, and 72 h; p < 0.001 at 96 h; fig. 1 a, b) .
Morphological examination of infected lungs and histopathological analysis of lung tissues corroborated the clinical picture. The capacity of the different strains to inflict tissue damage was clearly different and quantifiable upon morphological examination. While 80% of the animals infected with WT W83 developed lung edema, extensive hemorrhage, and necrosis, the lungs of mice inoculated with ΔRgp or ΔKgp showed markedly less damage ( table 2 ) . Infection with single gingipain-deficient strains caused lesions in only 50-60% of animals. Inoculation with KRAB or W83-KYT caused sporadic cases of local hemorrhage but no detectable edema or necrosis ( table 2 ) .
Detailed histopathological examination of lung tissue confirmed the primary observations. Infection with WT W83 resulted in severe alveolar and peribronchial hemorrhage. By contrast, only moderate damage was observed in the lungs of animals treated with either KRAB or W83-KYT, and the damage was limited to the 12% of animals that had also developed bronchopneumonia; no marked hemorrhage was detectable in any of these animals. More detailed comparative analyses of tissues from animals infected with WT P. gingivalis versus any of the modified strains were, however, rendered impossible due to the very different histopathological presentations ( fig. 1 d) .
A dose of 3 × 10 9 CFU WT P. gingivalis administered to 8-week-old animals led to much faster progress of the disease, with 100% mortality within 48 h of the start of the experiment. Evaluation of lung tissues excised from these mice at 24 h postinfection revealed a morphology very similar to that observed in 40-week-old animals. We observed large alveolar and peribronchial hemorrhages in cases of infection with the WT strain ( fig. 1 c,  d ), leading to respiratory distress and the subsequent death of the animals. Lungs from control animals (inoculated with sterile PBS) did not show any pathological changes. Taken together, these results suggest that infection with P. gingivalis strains capable of expressing gingipains causes severe pneumonia in mice, whereas inoculation with strains deficient in these proteolytic enzymes or pretreated with inhibitors to abolish their proteolytic activity cause only transient and mild lung inflammation.
Gingipains Are Dispensable for P. gingivalis Colonization and Survival in the Lungs
The differences observed in disease outcomes related to gingipain-activity raised the question of whether these differences might correlate with the ability of P. gingivalis to colonize and survive in lung tissues. To investigate this further, 40-week-old animals were infected with W83, ΔRgp, ΔKgp, KRAB, or W83-KYT (3 × 10 9 CFU) bacteria, as previously described. Immediately after inoculation, 4 animals from each group were sacrificed and the bacterial load in the lungs was measured. We found that the initial bacterial load in the lungs was identical for all bacterial strains (median value 6.9 × 10 7 ± 0.03 × 10 7 CFU). The bacterial load in the lungs was then assessed every 24 h for 3 days. We found that, irrespectively of the strain, the bacterial load in the lungs remained stable for the first 3 days ( fig. 2a ; online suppl. fig. S3 ) before dropping 1 log by day 6; the bacteria were cleared from all surviving animals by day 10 postinoculation ( fig. 2 b) .
These data provide strong evidence that the gingipaindeficient ΔRgp, ΔKgp, and KRAB and the inhibitor-treated W83-KYT strains were viable, able to colonize the lungs, and able to survive in vivo. Spleen, liver, kidney, lymph node, and peripheral blood samples from sacrificed animals were also examined for the presence of viable bacteria. Viable P. gingivalis was only detected in the peripheral blood of infected animals at a level of 1.97 × 10 2 ± 0.23 × 10 2 CFU at 24 h after inoculation. Taken together, these results suggest that gingipains only play a marginal role in the ability of P. gingivalis to colonize and survive in the lungs.
Gingipain Activity Is Crucial for Systemic Inflammatory Responses during Lung Infection by P. gingivalis
Immune system mediators such as cytokines and chemokines play a crucial role in host defense. Excessive or inappropriate immune responses, however, contribute to tissue damage. Previous studies have demonstrated that intratracheal challenge with P. gingivalis has the potential to elicit strong immune responses [38, 46, 47] . To examine whether gingipains are capable of inducing proinflammatory cytokine responses, we measured the levels of IL-6, TNF-α, and MCP1 in peripheral blood samples at 24 h postinoculation. Animals challenged with WT P. gingivalis showed a sharp increase in TNF-α, IL-6, and MCP1 levels (p < 0.001; fig. 3 ; online suppl. fig. S4 ). Infection with ΔRgp and ΔKgp also resulted in increased cytokine production, but to a significantly lesser extent. Interestingly, inoculation of animals with KRAB or W83-KYT did not alter the levels of IL-6 or TNF-α; the levels of these cytokines remained comparable to those detected in PBSinoculated animals. By contrast, inoculation with W83-KYT led to a significant increase in MCP-1 levels. Similar changes in cytokine levels were observed in 8-week-old animals (online suppl. fig. S5A-D) . These data suggest that, even in their inactive form, Kgp and Rgp can evoke strong inflammatory reactions in the host.
We found a statistically significant increase in CRP levels in both young and old animals infected with WT P. gingivalis compared to mice given PBS only (p < 0.0001; online suppl. fig. S6 ). We also observed a significant upregulation of CRP levels in mice challenged with the ΔKgp and ΔRgp strains compared to the latter, even though they were less pronounced. The CRP levels in mice inoculated with W83-KYT and KRAB remained comparable to those in control mice ( fig. 4 b) .
Gingipain Activity Causes an Influx of Neutrophils into Lung Tissue during Bacterial Infection
As a measure of neutrophil infiltration into lung tissues, MPO activity was determined. The lungs from infected animals showed clear increases in MPO levels, which are indicative of neutrophil infiltration ( fig. 4 a) . The highest MPO concentrations were detected in lung homogenates from animals infected with WT P. gingivalis, whereas those from mice infected with the ΔKgp and ΔRgp strains showed significantly lower MPO activity. Significantly higher levels were observed in ΔKgp-infected mice than in ΔRgp-infected mice (p < 0.05), whereas the MPO levels in lung tissues from KRAB-inoculated mice were not significantly different from those in control animals instilled with PBS. Similar levels of MPO activity were detected in 8-week-old mice infected with P. gingivalis (online suppl. fig. S5E ).
Staining of neutrophils confirmed the MPO-based assumption that infection with WT P. gingivalis leads to the accumulation of neutrophils in the target tissues of infected mice ( fig. 4 b) . With respect to neutrophil activity and airway remodeling occurring during chronic respiratory conditions [45] , this cell type showed strong expression of IL-17 when infiltrating lungs infected with WT P. gingivalis.
Consistent with the results obtained from immunohistochemical analysis, intratracheal inoculation with either WT P. gingivalis or ΔKgp led to a significant increase in IL-17 expression in lung tissue and peripheral blood. Animals infected with KRAB did not overexpress IL-17, and ΔRgp inoculation induced only a moderate increase in Mice were sham-infected by intratracheal instillation of PBS or infected with 3 × 10 9 CFU of P. gingivalis W83 (WT), W83-KYT, ΔKgp, ΔRgp, or KRAB. At 24 h postinfection, the concentration of TNF-α, IL-6, and MCP-1 was measured in serum using an ELISA. Dunnett's test (2-tailed) was used subsequent to a 1-way ANOVA (2-tailed) to calculate the significance of the differences between sham-infected mice (PBS) and P. gingivalis-inoculated animals (WT, W83-KYT, ΔKgp, ΔRgp, or KRAB; Dunnett paring to PBS-inoculated mice, 2-way ANOVA, p < 0.001). All values are expressed as standardized values (zscores), and error bars indicate 95% CI. The raw data of cytokine concentrations in serum are shown in online supplementary figure S4. IL-17 production, which was significantly lower than that in WT or ΔKgp-inoculated animals ( fig. 4 c, d ).
P. gingivalis-Induced Pneumonia Affects the Platelet Count and Platelet Activity
Altered peripheral blood parameters are one of the first symptoms of bacterial infection. In this context, the most visible change occurring subsequent to lung infection with any strain of P. gingivalis was a marked increase in the platelet count. Interestingly, infection with the WT strain resulted in a significantly greater increase in the platelet count than infection with either the KRAB or the W83-KYT strain. Morphological analysis of blood samples from mice inoculated with ΔKgp or ΔRgp also revealed an increase in the platelet count; however, the increase was smaller than that in mice infected with the WT strain. Endotracheal instillation of sterile PBS into the lungs had no effect on the platelet count in the peripheral blood ( fig. 5 a) . This suggests that active gingipains in general, and RgpA and RgpB in particular, play a role in in- creasing the platelet count. Interestingly, platelets in the lung expressed high levels of CD154 (CD40L; fig. 5 b) . CD40L is rapidly presented on the platelet surface after stimulation and is subsequently cleaved from the surface to generate soluble fragments that play a key role in the inflammatory response [48] . Also, the translocation of CD40L coincides with the release of platelet-derived growth factor, transforming growth factor-β, platelet factor 4, and thrombospondin from α-granules [49] .
Discussion
Aspiration pneumonia is a life-threatening condition caused by aspiration of bacteria into the respiratory system during medical procedures or by accidental aspiration of liquid (e.g. saliva) or solid (e.g. food) material [50, 51] . Here, we evaluated the role of gingipains in the development of lung pathology during P. gingivalis inhalation. A murine model of intratracheal lung inoculation revealed that gingipains play a pivotal role in the development of a severe, often fatal, form of aspiration pneumonia. We confirmed that aspiration of WT P. gingivalis W83 causes severe, fatal pneumonia as previously described [40] ; however, we found that inhibition of the proteolytic activity of gingipains, either using specific inhibitors (KYT) or by deleting gingipain-encoding genes, results in almost complete attenuation of the bacterial virulence. In both cases, only mild and transient deterioration of the health status was observed. Moreover, further evaluation revealed that similar numbers of bacteria colonized the lungs of infected animals, regardless of the strain used. This novel observation suggests that gingipains have a minimal impact on the rate of lung infection by P. gingivalis. Other infection models (e.g. a subcutaneous chamber and an abscess model of infection) have shown that gingipains are necessary for P. gingivalis survival in vivo [52, 53] . When all data are taken into account, it is tempting to speculate that the lack of bacterial clearance from the lung in this particular model results from the absence of a gingipain-dependent 'trigger' to activate the host immune system. The side effect of immune activation is an exaggerated inflammatory response, leading to bronchopneumonia, lung abscess formation, hemorrhage, and necrosis.
To examine this further, we used a variety of gingipain knockout (ΔRgp, ΔKgp, or KRAB) and WT bacteria pretreated with specific inhibitors (W83-KYT) to analyze the immune response in mice. We found that the severity of clinical symptoms in animals inoculated with WT P. gingivalis correlated with the development of a systemic inflammatory reaction, as indicated by the increased production of CRP and key proinflammatory cytokines. Significantly, no changes in CRP, TNF-α, or IL-6 levels were observed in animals infected with KRAB or W83-KYT. This clearly indicates that the induction of a systemic inflammatory response by P. gingivalis in this lung infection model is solely dependent on the proteolytic activity of gingipains.
The finding that lung infection, morbidity, and mortality was far higher in young animals than in old animals was surprising given that the mortality associated with human aspiration pneumonia is higher in older age groups. However, it is well known that elderly individuals show age-related declines in immune function [54] ; thus, the inability to mount a robust response to P. gingivalis in the lungs may explain the survival of older animals at sublethal inoculum levels. Furthermore, aspiration of oral or gastric contents by young and healthy humans is an extremely rare event. The disease is mostly limited to individuals with an incompetent swallowing mechanism, such as stroke survivors, those with Parkinson's disease or severe dementia, and users of antipsychotic drugs, proton pump inhibitors, and angiotensin-converting enzyme inhibitors; all of these factors tend to be associated with older individuals [55] .
Several lines of evidence suggest that the proteolytic activity of gingipains alerts and activates the innate immune system. For example, gingipains are involved in the release of anaphylatoxin C5a from the C5 component of complement [56] , mediate the release of bradykinin from highmolecular-weight kininogen [57, 58] , activate coagulation cascade factors (including factors X and IX and prothrombin) [59] [60] [61] [62] , and dysregulate cell signaling via proteaseactivated receptors (PAR) [63, 64] . In this regard, a previous study showed that IL-6 is induced in fibroblasts by gingipain signaling via PAR-1 [65] . Furthermore, gingipain-mediated stimulation of inflammatory responses (manifested by increased TNF-α and IL-6 levels) in the blood is greatly enhanced by pathogen-associated molecular patterns. This is supported by ex vivo findings showing that gingipains synergistically increase the secretion of proinflammatory cytokines (e.g. from human monocytic cells) by interacting with PAR types 1, 2, and 3 in combination with Toll-like receptors or nucleotide-binding oligomerization domain-containing protein agonists [66] . Also, the severity of edema, which is mediated by the gingipaindependent release of bradykinin, is increased in the presence of lipopolysaccharides due to transcellular crosstalk between TLR2 and bradykinin receptor-2 [67] .
One of the pathogenic outcomes of P. gingivalis-triggered aspiration pneumonia is thrombocytosis. In accor-dance with findings showing that thrombocytosis is generally associated with inflammatory disease [68] , it can be assumed that the observed increase in the platelet count is simply an acute-phase response to inflammation induced by P. gingivalis. However, comparison of the platelet levels in the blood of mice inoculated with KRAB or W83-KYT with those in the blood of mice inoculated with WT W83 suggests that counts are significantly higher in the latter. This difference may be related to the significantly higher levels of IL-6 measured in animals exposed to the WT strain, as this cytokine is known to augment the expression of thrombopoietin, a key factor that stimulates platelet production in the bone marrow [69] . This relatively straightforward process may have a double-edged effect on the development of aspiration pneumonia. Damage to the endothelium of P. gingivalis-infected lungs allows a large number of platelets to interact with collagen and other extracellular matrix proteins. This leads to platelet activation. The large number of activated platelets releases a plethora of molecules, including chemokines and bactericidal peptides, which are involved in modulation of the immune response [70] . In addition, CD154 (CD40L), which is expressed on activated platelets upon interaction with CD40 on endothelial cells, induces these cells to release MCP-1 (CCL-2) [71] . Since platelets can also be activated by nonproteolytic interactions with the RgpA-and Kgp-derived hemagglutinin domain [72] , this mechanism may explain why MCP-1 levels increase in mice infected with WT P. gingivalis and W83-KYT but not in mice inoculated with the gingipain-null mutant (KRAB). It is likely that platelet-derived chemokines, IL-1β, histamine, serotonin, and other mediators released from platelets that have extravasated into lung tissues during hemorrhage will exacerbate inflammation and contribute to tissue necrosis, abscess formation, and death in mice infected with WT P. gingivalis. On the other hand, platelets are a rich source of bactericidal peptides [73] ; therefore, it is possible that their presence may also limit the growth of P. gingivalis in the lungs.
One interesting aspect of the gingipain-dependent pathology of WT P. gingivalis lung infection is the presence of severe intrapulmonary hemorrhage; this was not observed in animals challenged with gingipain-deficient bacteria (KRAB or W83-KYT). Because no intrapulmonary bleeding was observed in animals intratracheally instilled with PBS, it is clear that the observed symptoms did not result from surgical trauma during inoculation. One may, however, assume that hemorrhage was caused by the effect of gingipains on the respiratory epithelium, the endothelium lining capillary blood vessels, and components of the coagulation cascade. Degradation of tightjunction proteins by gingipains [74] , together with enhanced vascular permeability [75] , interference with blood clotting due to degradation of fibrinogen by Kgp [76] , and protein C consumption by Rgps [77] , most likely facilitates blood flow into lung tissues [78] . Also, the increased influx of neutrophils into the lung tissue of animals infected with W83 may exacerbate the local inflammatory response, thereby increasing the tissue damage and, subsequently, bleeding and necrosis.
Taken together, the results of the present study show that proteolytically active gingipains modulate the course of P. gingivalis-associated aspiration pneumonia and aggravate the host immune response; however, gingipains are not required for successful colonization and survival of the bacterium in the lungs. This is the first study to show that P. gingivalis-derived enzymes play an important role not only during chronic disease (e.g. periodontitis) but also during acute, life-threatening pneumonia. This knowledge may provide a new perspective on treatments for P. gingivalis-induced aspiration pneumonia.
